Reactive oxygen intermediates (ROI) are strongly associated with plant defense responses. The origin of these ROI has been controversial. Arabidopsis respiratory burst oxidase homologues (rboh genes) have been proposed to play a role in ROI generation. We analyzed lines carrying dSpm insertions in the highly expressed AtrbohD and AtrbohF genes. Both are required for full ROI production observed during incompatible interactions with the bacterial pathogen Pseudomonas syringae pv. tomato DC3000(avrRpm1) and the oomycete parasite Peronospora parasitica. We also observed reduced cell death, visualized by trypan blue stain and reduced electrolyte leakage, in the Atrboh mutants after DC3000(avrRpm1) inoculation. However, enhanced cell death is observed after infection of mutant lines with P. parasitica. Paradoxically, although atrbohD mutation eliminated the majority of total ROI production, atrbohF mutation exhibited the strongest effect on cell death.
Reactive oxygen intermediates (ROI) are strongly associated with plant defense responses. The origin of these ROI has been controversial. Arabidopsis respiratory burst oxidase homologues (rboh genes) have been proposed to play a role in ROI generation. We analyzed lines carrying dSpm insertions in the highly expressed AtrbohD and AtrbohF genes. Both are required for full ROI production observed during incompatible interactions with the bacterial pathogen Pseudomonas syringae pv. tomato DC3000(avrRpm1) and the oomycete parasite Peronospora parasitica. We also observed reduced cell death, visualized by trypan blue stain and reduced electrolyte leakage, in the Atrboh mutants after DC3000(avrRpm1) inoculation. However, enhanced cell death is observed after infection of mutant lines with P. parasitica. Paradoxically, although atrbohD mutation eliminated the majority of total ROI production, atrbohF mutation exhibited the strongest effect on cell death. E arly production of reactive oxygen intermediates (ROI) is a hallmark of the plant defense response. Many studies document the detection of O 2 Ϫ and͞or its dismutation product, H 2 O 2 , during incompatible interactions between resistant plants and avirulent pathogens (1) (2) (3) (4) . During the defense response, ROI can inhibit the pathogen by strengthening cell walls via oxidative cross-linking of cell-wall glycoproteins (5) or by directly killing the pathogen (3) . ROI also could act as signals to induce further defenses (6) (7) (8) (9) , including the initiation of the hypersensitive response (HR). Nitric oxide (NO), another reactive molecule that works synergistically with ROI in driving mammalian cell death in macrophages (10) , also has emerged as an important mediator of plant defense response and cell death signaling in plants (11, 12) .
The likely source of ROI is an NADPH oxidase, originally postulated to be membrane-bound and to use molecular oxygen to make superoxide, based partly on inhibition studies using diphenylene iodonium (1) . This NADPH oxidase is thought to be at least partially similar to the one present in the mammalian phagocytes (13, 14) . In activated macrophages, the respiratory burst NADPH oxidase (RBO) is responsible for generation ROI (14) . Mutations in gp91 phox , encoding the catalytic subunit of the NADPH oxidase, result in chronic granulomatous disease, an immunological disorder in which macrophages are unable to stop the spread of infection (15) . Several plant rboh genes, homologous to gp91 phox , were identified, although they carry a 300-aa N-terminal extension compared with the mammalian proteins (16) (17) (18) (19) . Rac homologues in rice have been implicated in pathogen-induced cell death occurring in this plant (20) , and Rac is required for assembly of an active respiratory burst NADPH oxidase in animals (14) . However, no homologues to the p47 or p67 regulators of the mammalian NADPH oxidase were found in the Arabidopsis genome (21) . These findings suggest that a superoxide-generating NADPH oxidase does exist in plants, although the plant NADPH oxidase is most likely regulated differently than the one present in mammalian macrophages. Alternative mechanisms of ROI production in plants also have been proposed invoking cell-wall-bound peroxidases as the main ROI source (22, 23) .
Using a dSpm insertion mutagenesis system (24), we isolated mutants in eight Atrboh genes. We demonstrate that atrbohD and atrbohF mutations largely eliminate ROI accumulation during disease-resistance reactions of Arabidopsis to avirulent Pseudomonas syringae and Peronospora parasitica (Pp). Hence, an NADPH oxidase is responsible for ROI accumulation during some defense responses in Arabidopsis.
Materials and Methods
Identification of the Atrboh Mutants. Insertions in AtrbohD and F were identified through a PCR screen on genomic DNA extracted from pools of Col-0 plants containing dSpm transposon insertions (24) . Primers used include dSpm11 and dSpm1 from the transposon (24) and specific primers from each Atrboh gene: D122 (ATGAAAATGAGACGAGGCAATTC), D92b (GGATACTGATCATAGGCGTGGCTCCA), F171 (CTTC-CGATATCCTTCAACCAACTC), and F172 (GAGATTGC-CTTTATACTATAAGTG).
Insertions in each gene were confirmed by sequencing PCR products spanning the insertion. All of the lines identified contained a single transposon and were derived from gluforinate ammonium (BASTA)-resistant heterozygote parents. Plants were grown in a chamber under a 9-h photoperiod, 24°C day and 20°C night temperatures, 60% relative humidity, and 250 einsteins͞m 2 ͞s.
then four discs were placed in a tube with 6 ml of water. Conductivity measurements (3-4 replicates for each treatment) were taken from the tubes over time by using an Orion (Boston) conductivity meter, model 130. (24) . Insertion D3 is located in the fifth exon of AtrbohD after codon P535 (after nucleotide T1605 from the ATG). Insertions F3 and F4 are located in the first exon of AtrbohF, in codon Q177 (after nucleotide A530) and I221 (after nucleotide A661). F5 is in the second intron of AtrbohF, 11 nt downstream of the splice donor. Lines homozygous for the respective insertions were identified by PCR after gluforinate ammonium selection in the next generation. All three independent atrbohF mutant lines gave similar phenotypes with pathogens; therefore, we used only insertion F3 for these studies.
To verify that these mutant lines are null alleles, we performed RNA gel blot analyses and reverse transcription-PCR with specific primers on total RNA extracted from 10-day-old seedlings. These analyses revealed no normal full-length transcript, some aberrant transcripts, and chimeras between the transposon and the atrboh mRNA that presumably would give rise to nonfunctional proteins. atrbohD and atrbohF mutants are morphologically normal, although they look slightly smaller than wild type (wt) (Fig. 1B) . This phenotype is enhanced in the atrbohD͞F double mutant. Fourweek-old atrbohD͞F plants display some necrotic lesions and callose deposition ( Fig. 1 C and D) . Some of these plants stop growing and die before setting seeds. Importantly, in the experiments described below, we used morphologically normal plants at ages well before this phenotype developed.
Reduction of ROI Accumulation and Diminished Cell Death Symptoms
in the atrboh Mutants After Inoculation with Avirulent P. syringae. We examined the contribution of AtrbohD and AtrbohF to ROI production during responses to pathogenic bacteria. DAB polymerizes on contact with H 2 O 2 in a reaction requiring peroxidase. Thus, H 2 O 2 is visualized in situ as a reddish-brown precipitate (29) . We observed a strong, brown precipitate in wt plants starting 3-4 h postinjection of the avirulent strain DC3000(avrRpm1) ( Fig. 2 A and C), in accordance with previous observations of RPM1 function, by using CeCl 3 staining (30) . No stain was observed after injection of virulent DC3000 or MgCl 2 (data not shown).
We conducted similar analyses with the atrbohD, atrbohF, and atrbohD͞F double mutants. Although there was no change in DAB staining intensity in the atrbohF mutant compared with wt, staining is greatly reduced in the mutant atrbohD and in the double mutant atrbohD͞F ( Fig. 2 A and C) . Similar results were obtained with DC3000(avrRpt2) (which produces a delayed HR compared with DC3000(avrRpm1); data not shown). Quantification of the DAB stain demonstrates that atrbohD and atrbohD͞F double mutants display levels of DAB precipitate comparable to control plants inoculated with virulent DC3000 or MgCl 2 (Fig. 2B ). Trypan blue staining performed in additional leaves from the same experiment indicates that the DAB-staining procedure does not interfere with the progression of the HR (see below). Thus, Arabidopsis AtrbohD is required for most of the ROI observed after inoculation with avirulent Pst, whereas AtrbohF contributes little to this oxidative burst.
We wanted to study the requirement of Atrboh-generated ROI for HR and disease resistance. Although ROI production is strongly correlated with the early defense response, temporally preceding either HR or cessation of pathogen growth (31) , it is unclear whether the oxidative burst is required for HR and͞or stopping pathogen growth. Inoculation of avirulent DC3000(avrRpm1) or virulent DC3000 bacteria under conditions in which the former initiates a rapid hypersensitive reaction (Ϸ2.5 ϫ 10 7 cfu͞ml) showed no clear differences in trypan blue staining between wt and atrboh mutants (Fig. 2D and data not shown) . However, the atrboh mutants displayed less trypan blue stain than the wt after injection of an inoculum (10 6 cfu͞ml) of DC3000(avrRpm1) that more closely reflects natural infection pressure. In particular, the atrbohD͞F double mutant displayed reduced localized cell death compared with Col-0 (Fig. 2E) . Measurement of in planta growth of both avirulent and virulent bacterial strains revealed no significant differences between the wt and the atrboh mutants (data not shown).
We monitored electrolyte leakage to quantify cell death during the HR (28) . Leaf discs excised from control wt leaves infiltrated with DC3000(avrRpm1) exhibited significantly increased ion leakage compared with MgCl 2 or DC3000 controls 4-6 h after injection (Fig. 3A) . This corresponds to a time when leaves begin to exhibit macroscopic HR. The atrbohD͞F double mutant displayed significantly lower ion leakage in repeated experiments (Fig. 3A) . Mutations in atrbohF and atrbohD act redundantly in this assay. atrbohF mutants exhibit reproducibly greater diminution of ion leakage than atrbohD (Fig. 3B) . Collectively, these data suggest that AtrbohD is responsible for most of the ROI produced in response to inoculation of avirulent Pst. Conversely, AtrbohF plays a key role in HR, particularly at low-dose inoculation. By contrast, ROI apparently are dispensable for mediating at least the RPM1-dependent signals that limit bacterial growth.
Atrboh Genes Modulate the Response to Pp Emco5 Infection. We evaluated whether the atrboh mutants have an effect on the resistance response against the oomycete parasite Pp. Pp isolate Emco5 is fully virulent on Col-0 cotyledons, but triggers resistance, conditioned by a single locus, in the emerging true leaves (J. M. McDowell, S. Williams, and J.L.D., unpublished data). This ''adult resistance'' is associated with HR trailing the growing hyphae (trailing necrosis). DAB stain reveals peroxide production in the wt around the growing Emco5 hyphae in a pattern that resembles the appearance of HR revealed by trypan blue staining (Fig. 4) . Thus, this adult resistance is weaker than the resistance mediated by the majority of R genes directed against Pp, because the latter typically are associated with discrete HR.
Peroxide production, but not the typical trailing necrosis, triggered by Pp Emco5 is greatly reduced in atrbohD mutants (Fig. 4) . Strikingly, both DAB staining and HR are enhanced, and focused into discrete HR lesions, in atrbohF plants (Fig. 4) . Peroxide production is eliminated in the atrbohD͞F double mutant but HR is also enhanced. The enhanced HR surrounds the emerging hyphae and prevents their growth in nearly all cases. This enhanced response also results in less sporangiophore formation in true leaves of the atrbohF and atrbohD͞F double mutants compared with wt (Fig. 5) . Consequently, at least in this interaction, assaying the weak adult R function directed toward Pp Emco5, atrbohD, and atrbohF results in separable phenotypes. The atrbohD mutation eliminates most of the peroxide produced, whereas atrbohF actually allows enhanced cell HR and improved resistance toward the parasite.
We also infected the Atrboh mutants with two additional avirulent isolates of Pp, Emwa1 and Cala2, that are recognized by the Col-0 RPP4 and RPP2 genes, respectively. These interactions result in typical HR limited to a discrete group of cells (32) . atrbohD and the atrbohD͞F double mutants exhibited reduced peroxide produc- tion in these interactions (data not shown). However, depletion of ROI in these experiments had no effect on either cell death or resistance. Additionally, we observed no DAB staining and no effect on disease progression after infection with virulent Pp isolates Noco2 and Ahco1 in either the Col-0 or the atrboh mutants (data not shown). This demonstrates that our data are not a result of general induction of defense response.
Discussion
We used reverse genetics in Arabidopsis to define functions for two Atrboh genes in the production of ROI during the defense response. We observed depletion of DAB staining, a standard marker of ROI accumulation, in these mutants after challenge with avirulent Pst or Pp. The AtrbohD gene is required for most of the ROI observed after inoculation with avirulent Pst, whereas AtrbohF makes a more limited contribution. In contrast, the atrboh mutants exhibit enhanced HR and less sporangiophore formation in response to the weakly avirulent Pp Emco5. Interestingly, although atrbohF exhibits minor diminution of ROI production, it expresses strongly enhanced cell death phenotypes. Finally, we demonstrate that the atrbohD͞F double mutant exhibits even further reduced HR against Pst but enhances a weak resistance response against Pp. Thus, our most important findings are: (i) extracellular ROI production in Arabidopsis requires Atrboh function, (ii) AtrbohD and AtrbohF share functions in ROI generation but have separable functions in HR regulation, and (iii) atrbohF mutants have a limited effect on ROI production compared with atrbohD but a much greater effect on Pp-induced cell death.
We provide genetic evidence that AtrbohD and AtrbohF, encoding probable components of a plant NADPH oxidase, are responsible for the ROI produced in two widely used systems for the analysis of plant defense responses. Controversy regarding the origin of ROI in plant defense has existed since Doke (1) first documented the production of superoxide in potato tubers infected with Phytophthora infestans. Subsequent definition of similarities to the oxidative burst in mammalian macrophages suggested that an NADPH oxidase was responsible for this ROI production (13). However, H 2 O 2 , and not superoxide, is the ROI detected in most plant-pathogen interactions (2, 3) . These data suggested either that H 2 O 2 is the proximal burst product or that rapid dismutation converts superoxide to H 2 O 2 . Other studies demonstrated in several systems that superoxide is, in fact, the proximal burst product and suggested that H 2 O 2 is not the key signal for HR or defenseresponse control in these systems (33, 34) . Sagi and Fluhr (35) , using a novel activity gel assay, recently confirmed that a putative plant plasma membrane NADPH oxidase can produce superoxide.
Cell wall-bound peroxidases were proposed as an alternate source for ROI-H 2 O 2 generation (36). Induced gene expression and enzymatic activity concomitant with the burst also implicated oxalate oxidases in ROI production during powdery mildew-barley interactions (23) . However, these studies are based on correlations derived from gene expression and protein accumulation. Additionally, some of these conclusions rest on pharmacological studies that require careful interpretation and specificity controls. There is, to date, no direct genetic evidence supporting peroxidase or oxalate oxidase as sources of the ROI produced after infection.
Although H 2 O 2 is the main ROI detected in many plant pathogen systems and cell culture systems (2, 3), our demonstration that an NADPH oxidase subunit is required for ROI production confirms Doke's original suggestion that O 2 Ϫ is the first ROI produced (at least in interactions with avirulent Pst or Pp). Thus, our results support previous findings identifying O 2 Ϫ as the key regulatory molecule (31, 33, 37) . However, we failed to detect O 2 Ϫ by nitroblue tetrazolium stain or cytochrome c reduction after infection (data not shown). In fact, we observed less nitroblue tetrazolium precipitate directly in leaf panels injected with avirulent bacteria than in the surrounding areas (data not shown). This might be a result of rapid superoxide dismutase activity that increases after pathogen inoculation (38, 39 (40) . Our analysis of the atrbohD and atrbohF mutants strongly suggests that these genes act together to produce ROI (AtrbohD) and to control cell death (AtrbohF) in response to avirulent Pst DC3000(avrRpm1) because the double mutant HR reduction phenotype is stronger than atrbohF. However, HR appears not to be required for limiting bacterial growth. Other studies indicated separation between cell death and resistance to pathogens. For example, dnd1 mutant (defense, no death) displays normal gene for gene resistance to bacterial pathogens although the HR appears inhibited (41) .
The HR provoked by Pst DC3000(avrRpm1) is not suppressed completely in the atrboh mutants. Both trypan blue stain and electrolytic leakage measurements indicate residual HR in the atrbohD͞F double mutant that might be explained by residual ROI below our limit of detection ( Fig. 2 A-C) . Alternatively, other mechanisms may contribute to the cell death induced during interaction with avirulent bacteria. Trypan blue stain after inoculation of 10 6 cfu͞ml DC3000(avrRpm1) identifies localized lesions in the atrbohD͞F double mutant, compared with more spreading staining in the wt at each infection point (Fig. 2E) . Therefore, the proximally produced ROI may act not as the initial trigger for HR in the directly infected cells but, rather, as a local signal for HR in nearby cells.
ROI may play a role in the establishment of systemic acquired resistance (SAR), a defense system that acts in distal parts of an infected plant (42) . Salicylic acid (SA) is required for this establishment of SAR, because SAR is compromised in nahG plants that have reduced SA (43, 44) . However, SA itself is not the translocated signal that mediates SAR (45, 46) . SA and ROI metabolism are interconnected because ROI accumulation is potentiated by very small doses of SA (6, 47) and ROI induce SA accumulation (48) . H 2 O 2 has been proposed as a systemic signal (9) . However, Dorey et al. (49) indicate that H 2 O 2 is neither necessary nor sufficient to drive the expression of defense markers in areas surrounding infection sites. We induced SAR by inoculation of DC3000(avrRpt2) and assayed distal leaves for both protection against virulent Pp isolates and expression of the SAR-related gene PR-1. None of the atrboh mutants were compromised in their ability to mount an SAR response (data not shown). Thus, even in plants devoid of an oxidative burst, SAR still can be induced. Surprisingly, we identified two different roles in HR control for Atrboh-generated ROI. Although the atrboh mutants, especially the atrbohD͞F double mutant, display less HR after inoculation with avirulent Pst, they exhibit enhanced HR after inoculation with Pp Emco5. This unexpected phenotype was revealed only when we assayed the function of a weak R gene (J. M. McDowell, S. Williams, and J.L.D., unpublished data). This weak recognition does not completely block sporulation. The atrboh mutants display stronger cell death around the growing hyphae that prevents sporulation. Note that this is not simply enhancement of basal defense because it does not occur in response to infection with either of two virulent Pp isolates. We suggest that HR may have a clear mechanistic relation to resistance in interaction with the Pp, as has been demonstrated for the interaction of powdery mildew and barley (50) . Our failure to define an effect of atrboh mutants on stronger R-mediated HR responses could reflect the fact that, despite ROI depletion, sufficient R signaling was generated. This concept is in line with findings of Bendahmane et al. (51) , demonstrating that HR occurrence and magnitude can be correlated directly to R and Avr protein levels.
How can suppression of atrboh-dependent ROI lead to enhanced cell death? One possible scenario is provided by Delledonne et al. (38) Ϫ is the proximal ROI produced, and its levels and rates of conversion to either ONOO Ϫ or H 2 O 2 determine the outcome. In agreement with these studies, the effect of NO in potato as a protectant against ROI-mediated cytotoxic processes indicates a fine balance between NO͞ROI to produce cell death and a role of ONOO Ϫ as a harmless sink for these reactive species (53) . NO is a likely mediator of HR, but its activity is contingent on relative ROI levels. Reduction of ROI levels in the atrboh mutants would imply reduction of both positive (H 2 O 2 ) and negative signals (O 2 Ϫ , in its role as a scavenger of NO) for the HR. The alteration of the fine balance between ROI and NO may explain the opposite effect observed between Pst and Pp responses. Alteration in the levels of NO also may be the origin of the spontaneous necrosis displayed by old atrbohD͞F plants (Fig. 1B) .
Concluding Remarks
The identification of the insertion mutations in AtrbohD and F enabled a stringent test of their role in plant defense. We demonstrate that these proteins are responsible for the ROI production observed in some interactions with avirulent pathogens. The AtrbohD contribution to ROI production in leaves is greater than AtrbohF. However, atrbohF mutants display a stronger effect on cell death, which indicates a qualitative (spacial or temporal) difference in the ROI produced by each Atrboh. Depletion of ROI production in these lines has opposite effects on cell death: HR is reduced during interaction with DC3000(avrRpm1) and enhanced after Pp Emco5. This suggests a different role for ROI in cell death signaling in resistance to these pathogens. We propose that the enhanced cell death phenotype that these mutants display in the Emco5 interaction may be produced through an effect of this ROI depletion on the levels of other signaling components of the defense-cell death response, particularly NO.
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